ABSTRACT: L-Asparaginases of bacterial origin are a mainstay of acute lymphoblastic leukemia treatment. The mechanism of action of these enzyme drugs is associated with their capacity to deplete the amino acid L-asparagine from the blood. However, clinical use of bacterial L-asparaginases is complicated by their dual L-asparaginase and L-glutaminase activities. The latter, even though representing only ∼10% of the overall activity, is partially responsible for the observed toxic side effects. Hence, Lasparaginases devoid of L-glutaminase activity hold potential as safer drugs. Understanding the key determinants of Lasparaginase substrate specificity is a prerequisite step toward the development of enzyme variants with reduced toxicity. Here we present crystal structures of the Erwinia chrysanthemi L-asparaginase in complex with L-aspartic acid and with L-glutamic acid. These structures reveal two enzyme conformationsopen and closedcorresponding to the inactive and active states, respectively. The binding of ligands induces the positioning of the catalytic Thr15 into its active conformation, which in turn allows for the ordering and closure of the flexible N-terminal loop. Notably, L-aspartic acid is more efficient than L-glutamic acid in inducing the active positioning of Thr15. Structural elements explaining the preference of the enzyme for L-asparagine over Lglutamine are discussed with guidance to the future development of more specific L-asparaginases. B acterial L-asparaginases, specifically those from Escherichia coli and Erwinia chrysanthemi, are FDA-approved to treat certain blood cancers.
B
acterial L-asparaginases, specifically those from Escherichia coli and Erwinia chrysanthemi, are FDA-approved to treat certain blood cancers. 1 These enzyme drugs act to deplete the amino acid L-asparagine (ASN) present in blood. While most human cells can synthesize ASN de novo using the enzyme asparagine synthetase (ASNS), cancer cells that have lost or have low expression of ASNS are dependent on scavenging the amino acid from the blood. Hence, administration of these bacterial L-asparaginases selectively kills those cancer cells that have lost/low expression of ASNS, as occurs in acute lymphoblastic leukemia (ALL).
Amino acid amidohydrolases are enzymes that catalyze the hydrolysis of ASN or L-glutamine (GLN) to generate Laspartate (ASP) or L-glutamate (GLU), respectively ( Figure 1 ). Bacterial amino acid amidohydrolases belong to two classes. The aforementioned E. coli and E. chrysanthemi enzymes belong to a class that is referred to as L-asparaginases, since these enzymes primarily hydrolyze the amino acid ASN and are characterized by relatively low L-glutaminase activity (for a review on L-asparaginases see 2 ). For these particular Lasparaginases, the L-glutaminase activity is about 2−10% of their L-asparaginase activities. 3 In contrast, enzymes that belong to the second class of amino acid amidohydrolases, such as the Pseudomonas 7A glutaminase-asparaginase 4 and the Acinetobacter glutaminasif icans glutaminase-asparaginase, 5 have comparable L-asparaginase and L-glutaminase activities. Structural and sequence homology connects these two classes of bacterial amidohydrolyases. 6 Following the discovery of the clinical potential of Lasparagine depletion, 7 enzymes from both classes of amino acid amidohydrolases were tested for their suitability as anticancer drugs. While both classes of enzymes showed toxic side effects, these were more pronounced for the enzymes with high Lglutaminase activity. 8−11 As a result, only enzymes that belong to the L-asparaginase class of amino acid amidohydrolases have made it into the clinic. 1 However, even for these low Lglutaminase enzymes, toxicity is still a challenge. Since toxicity of treatment with L-asparaginases has been correlated with the residual L-glutaminase activity of these enzyme drugs, it is not surprising that research toward the discovery or generation of more selective L-asparaginases has been conducted. 12−16 One factor that would greatly aid the rational design of low Lglutaminase L-asparaginase variants is detailed understanding of the molecular basis that governs the selectivity between ASN and GLN. To our knowledge, the most detailed analysis of this factor has been described by Aghaiypour et al. in 2001 17 for the E. chrysanthemi L-asparaginase (ErA hereafter). In that study, the crystal structure of ErA in complex with GLU was reported and compared to the previously reported ErA complex with ASP. 18 However, the coordinates of the ErA in complex with L-ASP have not been deposited in the Protein Data Bank (PDB), denying us the opportunity to inspect that model (a model of ErA in complex with D-ASP does exist, PDB ID 1HG1 17 ). Moreover, the crystals used to solve the ASP and GLU complexes were first cross-linked and then soaked at pH 5.5 with the ligands. 17, 18 Since low pH is known to promote the binding of ASP to the enzyme, 19 we reasoned the crystal structures of the complexes solved at physiological pH, and without crystal cross-linking, would better represent the true structure.
To elucidate the determinants of ASN and GLN selectivity of the Erwinia L-asparaginase, we determined the high-resolution crystal structures of this enzyme in complex with ASP and GLU (at 1.63 and 1.70 Å resolution, respectively). Both structures reported here are from crystals grown at pH 7.5 using the same crystallization conditions, not cross-linked, soaked with ligands at pH 7.5, have the identical space group and very similar unit cell parameters (see Experimental Procedures and Table 1 ). This allows us to minimize experimental artifacts when analyzing the observed differences between the structures of the complexes. Analysis of these Erwinia L-asparaginase structures reveals the molecular basis for GLN being an inferior substrate to ASN. This understanding can inform the design of variants that have increased selectivity against GLN while maintaining ASN as a substrate. Such low/no Lglutaminase variants of the Erwinia L-asparaginase are predicted to have reduced toxicity and may therefore have improved clinical utility.
■ EXPERIMENTAL PROCEDURES
Gene Cloning and Mutagenesis. A codon-optimized synthetic gene corresponding to the amino acid sequence of ErA (UniProt entry P06608) lacking the first 22-amino acid signal peptide was synthesized by Genscript as described by Schalk et al. 20 The synthetic gene was digested with NdeI and BamHI-HF restriction enzymes, gel purified, and ligated into a His 6 -SUMO-pET14b vector (where the His 6 tag is followed by the yeast protein SUMO (small ubiquitin modifier, Smt3p) using Instant Sticky End DNA ligase (New England Biolabs), generating a His 6 -SUMO-ErA plasmid.
Protein Expression and Purification. Protein expression and purification were performed as previously described. 20 In brief, the His 6 -SUMO-ErA (residues 23−327) plasmid was transformed into E. coli BL21(DE3) C41 cells for expression. A single colony was selected and grown at 37°C in 2xYT medium. Protein expression was induced with 0.3 mM isopropyl β-D-1-thiogalactopyranoside when the culture reached an optical density (at 600 nm) of 0.6−0.8. The incubation temperature was then reduced and maintained at 18°C for the next 12 h. Protein was extracted from cells by sonication and cleared from debris by centrifugation at 20000g. The supernatant was loaded onto a 5 mL HisTrap nickel affinity column (GE Healthcare). The column was subsequently washed with buffers composed of 25 mM TrisHCl, pH 8.5, 500 mM NaCl, and 25, 50, and 75 mM imidazole. The bound protein was eluted with the same buffer but containing 500 mM imidazole. The N-terminal His 6 -SUMO tag was cleaved by SUMO protease, and the protein solution was loaded back onto a nickel affinity column to separate the tag. The flow-through fraction containing the purified enzyme in 25 mM Tris, pH 8.5, 100 mM NaCl was concentrated to 20−40 mg/mL, aliquoted, flash frozen in liquid nitrogen, and stored at −80°C.
Crystallization, X-ray Data Collection, and Refinement. Crystals of ErA were grown at 285 K using the hangingdrop vapor-diffusion method. Two microliters of Erwinia at 10 mg/mL was mixed with 1 μL of reservoir buffer solution. The reservoir solution consisted of 0.1 M HEPES pH 7.5 and 24% PEG MME 2000.
Prior to data collection, crystals were soaked for 5 min in 0.1 M HEPES, pH 7.5 and 24% of PEG MME 2000 solution containing either 10 mM L-aspartic acid (Sigma A6683) or 5 mM L-glutamic acid (Sigma 128420). Soaked crystals were then transferred to the same solutions, respectively, but supplemented with 25% glycerol for cryoprotection.
Diffraction data were collected at the Life Sciences Collaborative Access Team (LS-CAT) beamline 21-ID-F at Argonne National Laboratory. Data were processed with the XDS package. 21 Structures were determined by molecular replacement with MOLREP 22 using the atomic resolution structure (PDB entry 1O7J 23 ) as a search model. Refinement was conducted using REFMAC 24 and Phenix, 25 and model building was performed using Coot. 26 Since protomer D of the ErA-GLU complex showed a dual conformation for Thr15 plus clear, albeit weak density for the N-terminal loop, we performed refinement of atom occupancies. This step revealed a strong correlation between the occupancy of elements of the closed state and those of the open state. Specifically, the occupancy of the closed and open Thr15 refined to 0.66 and 0.34, respectively; the N-terminal loop (i.e., closed state) refined to an average occupancy of 0.63; likewise, the occupancies of the ligand GLU refined to 0.61 (active conformation) and 0.39 (inactive conformation). On the Data collection and refinement statistics are listed in Table 1 . Structural figures were prepared using the PyMOL Molecular Graphics System (version 1.6.0, Schrodinger).
■ RESULTS
Similarities and Notable Differences between the Erwinia ASP and GLU Complex Structures. As discussed above, the E. chrysanthemi L-asparaginase has both Lasparaginase and L-glutaminase activities, the latter being about 10% of the former. 3 To understand what intrinsic factors of this enzyme tilt the balance away from the L-glutaminase reaction, we solved the crystal structures of the ASP (ErA-ASP) and GLU (ErA-GLU) complexes, which represent the state of the products of the L-asparaginase and L-glutaminase reaction, respectively. Erwinia L-asparaginase, like most bacterial amino acid amidohydrolases, is a tetramer built by a dimer-of-dimers with 327 residues per protomer. The rmsd between the entire tetramer of the ASP complex and that of the GLU complex is 0.165 Å over 1075 atoms ( Figure 2A) . Hence, the overall fold is insensitive to the nature of the ligand. For each individual complex, the four protomers that build each tetramer are essentially identical; rmsd of ∼0.07 Å for the ErA-ASP complex protomers and ∼0.11 Å for the ErA-GLU complex protomers (over 270−300 atoms), Figure 2B ,C. The overall equivalency of the protomers was also observed in the atomic resolution of this enzyme. 23 However, there are significant local differences between the ErA-ASP and ErA-GLU complexes, the most notable being the conformation of the flexible N-terminal loop (residues 18−34). In previous structures of ligand-free L-asparaginases, this loop had no clear electron density. 20, 27, 28 However, in the presence of ligand the loop becomes ordered and is observed to close on the active site. 20 For the ErA-ASP complex, this N-terminal loop is clearly visible and identical in all four protomers ( Figure  2B , zoom). This is not the case for the ErA-GLU complex, where we could model this loop in only one of the four protomers ( Figure 2C, zoom) . The disparity between the ability of the substrates to stabilize the flexible N-terminal loop was previously noted by others. 17 In the following sections we analyze the structures to gain insight into the contrasting ability of ASP and GLU to efficiently induce the stable, closed conformation of this N-terminal loop.
Binding of ASP Induces Enzyme Closure and the Critical Productive Positioning of Thr15. Electron density indicated, without ambiguity, the presence of the soaked ASP molecule at each of the four active sites present in the asymmetric unit and the orientation of the conserved Thr15 ( Figure 3A ,B and Supplementary Figure S1) . Because of the equivalency of the protomers, the following discussion deals with protomer A but applies equally to all protomers. In the ErA-ASP complex, the side chain of the reaction product is observed sandwiched between the active site conserved threonines, Thr15 and Thr95 ( Figure 3C ). Thr95, in addition to Asp96 and Lys168, are conserved residues located on the same face of the ligand. Thr15, located on the opposite face, stabilizes the closed conformation of the N-terminal loop by forming a water-mediated interaction with the side chain of Tyr29. Finally, Glu63 interacts with the α-amino group of the ligand. We interpret the ErA-ASP complex structure as representing the active state of the enzyme, since the Nterminal loop is ordered and has closed on the active site, and most importantly, Thr15 is in proximity to the side chain of the substrate.
Binding of GLU Largely Fails to Induce Enzyme Closure and Productive Positioning of Thr15. In contrast to the ErA-ASP complex, protomers A, B, and C of the ErA-GLU complex (but not protomer D, see below) lacked observable electron density for the flexible N-terminal loop. This is despite the binding of GLU, which had clear electron density ( Figure 4A and Supplementary Figure S2) . Additionally, while in these three protomers Thr15 showed clear electron density ( Figure 4B and Supplementary Figure S2) , this critical residue adopted a different conformation compared to that in the ErA-ASP complex ( Figure 4C ). Specifically, Thr15 in these protomers is rotated and positioned further away from the ligand (4.8 Å versus 2.8 Å) relative to its orientation in the ErA-ASP complex structure (gray circle, Figure 4C ). We interpret the structure observed in these ErA-GLU protomers to represent an inactive state of the enzyme, presumably the state just after the binding of the substrate GLN. The ErA conformation and the position of the ligand GLU in these three protomers of our ErA-GLU complex are very similar to that previously observed for all four protomers by Aghaiypour et al. in their analogous complex (PDB ID 1HFW). 17 In contrast, the electron density of protomer D of the ErA-GLU complex is consistent with a dual conformation for the bound GLU and for Thr15 ( Figure 4D,E) . Significantly, in protomer D we observed weak but unambiguous electron density for the closed N-terminal loop (Supplementary Figure  S3) . Analysis of the refined occupancies for the ligand, Thr15, and the N-terminal loop suggest a 1:2 ratio between two distinct states. One state, approximated at 1/3 occupancy, is very similar to the state observed in protomers A, B, and C discussed earlierthat is, the open/inactive state (depicted in orange, Figure 4D−F) . The second state, estimated at 2/3 occupancy (see Experimental Procedures for how occupancy was determined), reveals the GLU and Thr15 in a conformation approaching that seen in the closed/active ErA-ASP structure (yellow, Figure 4D−F) . In this second state we correlated correct positioning of GLU to closure of the Nterminal loop. The comparatively weak electron density for the N-terminal loop of protomer D is not surprising based on its partial occupancy coupled with the intrinsic flexibility of this loop. Of note, while binding of GLU induced the closure of this loop, residue Tyr29 adopts a slightly different conformation relative to the one seen in the ErA-ASP complex structure ( Figure 4F ). This is likely due to the incomplete rotation of Thr15 to its active conformation as seen in the presence of ASP. Nevertheless, we interpret the closed component of the structure of protomer D as representing the active GLU-bound conformation, whereas the open component represents the inactive state (as observed in the other protomers).
■ DISCUSSION
Coupling Ligand Binding to N-Terminal Loop Closure via Thr15. Our structures suggest that GLN is a worse substrate than ASN as it is not efficient in promoting the active enzyme conformation. Specifically, GLN is less efficient in inducing the rotation of Thr15 to its active conformation, which in turn is required for initiating the closure of the flexible N-terminal loop. This interplay between Thr15 adopting its active conformation and N-terminal loop closure is likely to be a general feature of this type of L-asparaginases and showcases a novel mechanistic principle of these enzymes.
To understand the distinctive effect of ASN versus GLN on the enzyme conformation, we overlaid the ErA-ASP structure (closed conformation) on the ErA-GLU protomer A (open conformation) and protomer D (closed conformation fraction) structures with a focus on the N-terminal loop and select active site residues ( Figure 5) . Interestingly, the position of most active site residues is completely insensitive to the presence of ligand: irrespective of the ligand type, ASP or GLU, active site residues Glu63, Thr95, Asp96, and Lys168 occupy identical positions. Additionally, the state of the N-terminal loop (open versus closed) has no impact on the position of these residues.
The situation is very different at the opposite face of the ligand, the face toward Thr15 and Tyr29 (which is a part of the flexible N-terminal loop). We can identify three distinct enzyme states. In one extreme, as displayed by protomers A, B, and C of the ErA-GLU structure, the ligand is bound at the active site but has failed to induce the transition of Thr15 to its closed conformation (only protomer A shown for simplicity, bright green, Figure 5A ). When modeling the N-terminal loop in the closed conformation known from the ErA-ASP structure, we measure a short (<3 Å) distance between Thr15 and the phenyl ring of Tyr29. Hence, Thr15 in its open conformation is not compatible with closure of the N-terminal loop, and this factor explains why we could not observe electron density for this loop in protomers A, B, and C of the ErA-GLU complex. , is the open state as seen in the other protomers of the ErA-GLU structure. At 2/3 occupancy (yellow), is the closed state, which resembles the closed state of the ErA-ASP structure. Map used in (A), (B), (D), and (E) is a simulated annealing omit map, contoured at 2.5σ, where the ligand GLU was not included in the model, and Thr15 was mutated to a glycine, for the simulated annealing step.
In the intermediate enzyme state, observed in protomer D of the ErA-GLU structure (the closed fraction, which is interpreted as the active state, shown in yellow, Figure 5A This analysis reveals the steps required for catalysis by Lasparaginases: binding of substrate, induction of the active Thr15 conformation, which in turn allows for the ordering and closure of the flexible N-terminal loop. Why is the closure of this loop required for catalysis, despite the fact that it contains no essential residues? Note that mutation of Tyr29 (located in this loop) has only a moderate effect on the reaction rate. 29, 30 One reason could be that closure of this loop is required for stabilizing Thr15 in the catalytically competent conformation. An additional reason could be that loop closure correctly positions active site water molecules that are required for catalysis.
The Additional Methylene Group Present in GLN Sterically Prevents the Active Thr15 Conformation. The above discussion lays out the differential effects of ASN (that promotes) and GLN (that hinders) on inducing Thr15 and the N-terminal loop of the Erwinia L-asparaginase into the active conformation. To shed light on the molecular reasons behind this difference, we inspected the binding mode of ASP and GLU to the enzyme. ASP fits seemingly without strain in the active site, with the side-chain carboxylic group being sandwiched between Thr15 and Thr95 ( Figure 5B ). To accommodate the additional methylene group that differentiates GLU from ASP, several adjustments to the GLU binding mode are required. First, the larger amino acid shifts ∼0.7 Å toward Glu63, which in turn adjusts its side-chain position to maintain a 2.7−2.8 Å distance to the α-amino group of GLU (arrow 1, Figure 5B ). Second, to maintain a similar position to the side-chain carboxylic group as is present with ASP-bound, the GLU side-chain must bend, with the Cγ atom shifting toward Thr15 (arrow 2, Figure 5B ). As a result, Thr15 is hindered from adopting the closed conformation, as the modeled distance between the closed Thr15 (as seen in the ASP complex) and the Cγ atom would be a repulsing 1.4 Å. Despite these two adjustments (seen in ErA-GLU protomers A, B, C, and with partial occupancy in D) at both extremities of the amino acid ligand, the side-chain still fails to properly position in the active site (arrow 3, Figure 5 ). Consequently, despite the contortions to fit the one-carbon longer GLU versus ASP, the positioning of the moiety where the hydrolytic reaction occurs is not optimal.
Yet, ErA does catalyze the hydrolysis of GLN. The question then becomes, how is productive positioning of GLN achieved? The active state of the ErA-GLU protomer D structure provides clues to this question. First, the GLU side-chain carboxylic acid moiety rotates to a conformation as seen for ASP, and this increases the separation between the Cγ atom and Thr15. Second, in response to the movement of the Cγ atom, Thr15 can rotate to its active state without steric hindrance (distance between Thr15 and the Cγ atom in this active state is an acceptable 2.9 Å, Figure 5B) . Lastly, the adjustment of Thr15 allows for closure of the N-terminal loop, bringing the enzyme into its active state.
The N-terminal region of the Erwinia L-asparaginase is inherently mobile; it is not visible in crystal structures of this enzyme lacking a ligand, 20, 27, 28 and even when the preferred ligand ASP is bound, the B-factors of this region are higher relative to the other parts of the structure (Supplementary Figure S5) . In the presence of the less preferred ligand GLU, the B-factors of the N-terminal loop are even higher, despite having average B-factor values very similar to the ErA-ASP complex in the remaining parts of the molecule. It is notable that the Wilson B-factors are very similar between the ErA-ASP and ErA-GLU data sets (Table 1) . Hence, we can accurately compare the average B-factor values and conclude that the Nterminal loop of the GLU complex is less anchored relative to the ASP complex. The B-factor analysis underscores the reduced ability of GLU to stabilize the closed state and, together with the above observations, explains the reduction in the hydrolytic rate and increased Km of GLN versus ASN.
In summary, it is the differential ability between ASN (high) and GLN (low) to promote the active Thr15 conformation, and consequently the closed N-terminal loop, that is responsible for the enzyme's selectivity between these two substrates. One conclusion from this analysis is that in order to design variants that discriminate against GLN, one should introduce mutations that are not compatible with the closed enzyme state when GLN binds, but maintain compatibility with the closed state when ASN binds. Since GLN does bind slightly differently to ASN (Figure 5) , it is conceptually possible to identify such mutations. As postulated by Aghaiypour et al., 17 Glu63 and Ser254 are prime candidates for mutagenesis, as well as other sites (e.g., Ala31) that are predicted to be sensitive to the nature of the amino acid substrate.
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